Abstract The debris flow (DF) and debris flood (DFD) activity in the Rebaixader catchment (Spanish Pyrenees) is analyzed in this study. The research is focused on how precipitation leads to the triggering of torrential floods and influences the sediment availability during the recharge period, in a supply-unlimited catchment. Two kinds of correlations are studied: (1) the correlation between the rainfall features (intensity and kinetic energy) and the DF/DFD triggering and (2) the correlation between the hyetograph and the DF/DFD volumes. The tested hypothesis was that a greater amount of rainfall during the recharge period would produce a greater DF/DFD volume. The period between two consecutive DF/ DFD events is processed using a variable, the Erosion Index, originally developed for the Universal Soil Loss Equation. This analysis considered the rainfall time series and 22 DF/DFD events registered during the period 2009-2015. The results show that the precipitation of the recharge period does not seem to have a strong influence on the mobilized volumes. In many cases, a second DF/ DFD event was triggered soon after the previous event, which highlighted the role of the first event in creating an unstable state of the catchment. Additionally, a threshold relationship between the kinetic energy of the rainfall event and the maximum rainfall intensity for a 30-min period seems to be a good criterion to discriminate between triggering and non-triggering rainfall events. The results show no clear trends with which to forecast the sediment volume from precipitation, weakening the role of rainfall characteristics in determining the return period of mobilized sediment volumes in catchments similar to the Rebaixader torrent.
Introduction
Torrential flows such as debris flow (DF) and debris flood (DFD) are natural phenomena that affect mountain areas all over the planet. Debris flows are very rapid to extremely rapid surging flows of saturated debris moving in steep channels. They are characterized by strong entrainment of material and water from the flow path (Hungr et al. 2013) , whereas debris floods are very rapid flows of water, heavily charged with debris, in a steep channel, characterized by peak discharges comparable to those of water floods (Hungr et al. 2013) .
Because of their characteristics, they are complicated events to forecast (Destro et al. 2017) . They can occur with large magnitudes (Marchi and D'Agostino 2004; Jakob 2005) , and they consequently cause considerable damage to human lives and infrastructures (Dowling and Santi 2014) . Many studies demonstrated the fundamental role of precipitation in the triggering of a DF/DFD event, the rate of the available sediment, and the total sediment volume delivered to the fan area (Deganutti et al. 2000; Bacchini and Zannoni 2003; Frattini 2003, 2008; Borga et al. 2014; Abancó et al. 2016) . A fundamental step to develop more efficient and reliable systems of prevention is to improve the understanding of the triggering mechanisms and to predict the mobilized volume and the recharge rate of sediments within the catchment. To this purpose, different catchments that are frequently subjected to DF/DFD events have been instrumented with meteorological stations and sensors. These sensors register the deposited volume and passed surges for a given cross section (Hürlimann et al. 2003; McArdell et al. 2007; Coe et al. 2008; Berger et al. 2011; Comiti et al. 2014; Bel et al. 2017) .
DF/DFD catchments can be divided into two different types: transport-limited (also named supply-unlimited) and weatheringlimited (also named supply-limited). The transport-limited catchments are characterized by a high frequency of DF/DFD events, but they usually have a low/moderate magnitude because of their frequent sediment release (Bovis and Jakob 1999; Jakob 2005) . In these catchments, there is unlimited sediment availability, and so, a DF/DFD event can be triggered every time the rainfall exceeds a defined threshold (e.g., intensity-duration, Guzzetti et al. 2008 ). The supply-unlimited basins usually have many erodible areas or Bsource areas^that are continuously prone to instability . Therefore, other variables in addition to sediment availability (e.g., water input, terrain morphology, channel network characteristics, connectivity, see Cavalli et al. 2013 ) play an important role in triggering the events and in the transport and deposition of the available sediment.
The second type of catchments, named supply-limited or weathering-limited, has a limited sediment availability, and so, a DF/DFD event is triggered by rainfall only if the sediment quantity in a source area (channel network included) has reached or exceeded a defined threshold of accumulation (e.g., 50 years of sediment recharge due to weathering and water-driven transport processes since the last DF/DFD occurrence). In supply-limited basins, the frequency of the DF/DFD events is usually lower compared to that in supply-unlimited basins, but the magnitude of these events can be higher if the non-active periods are much longer. In these catchments, the time interval between two DF/ DFD events is called the Brecharge period^. In fact, during this rest time, a catchment recharges itself with new loose debris. Often, after a DF/DFD event, source areas and channels have a smaller quantity of loose sediment that can be mobilized (Jakob 2005) , so the recharge period is needed to accumulate new sediment (Theule et al. 2012) . The length of this period depends on different factors, such as the presence of vegetation (Guthrie 2002) , bedrock geology, meteorological characteristics, and the rate of erosional processes (Carrara et al. 2008; Dong et al. 2009 ). Conversely, Brayshaw and Hassan (2009) suggested that a substantial correlation of the timing and volume of a DF event with the following event might occur. In fact, in the period following a DF/DFD event, the catchment is more unstable and continues to promote the transportation of loose debris cover to the channel, which can facilitate the triggering of another event.
The probability of DF/DFD occurrence depends on the morphological characteristics of the basin and the recharge rate during the intermediate period between two consecutive events Corominas and Moya 2008) . Moreover, in all types of basins, the key variable that leads to the triggering of a DF/DFD event is the surface runoff (Rickenmann and Zimmermann 1993; Berti and Simoni 2005; Gregoretti and Dalla Fontana 2008) . This runoff is usually generated by intense rainfall events, and in fact, it has been demonstrated by many studies (Wieczorek and Glade 2005; Kappes et al. 2011 Kappes et al. , 2012 Reid et al. 2012; Cavalli et al. 2013 ) that the most common events causing debris flows are summer storms (Berti and Simoni 2005; McCoy et al. 2010; Di Stefano et al. 2013) .
For definition, the concept of recharge period is related only to supply-limited basins (Bovis and Jakob 1999; Brayshaw and Hassan 2009) . Nevertheless, in this study, we wanted to investigate if the same concept of recharge period can also be applied to supply-unlimited catchments. In supply-unlimited catchments, a recharge cycle may exist (like in supply-limited basins), but these cycles are very short compared to the ones observed in other types of catchments. In addition, even the triggering conditions of torrential flows in a supply-unlimited catchment could be influenced by the recharge period and not only by a constant triggering rainfall threshold. During a no-DF/DFD period (rest period), low/medium-intensity rainfalls could continue to erode sediment source areas, increasing the sediment availability in the basin according to the kinetic energy of precipitations.
To briefly summarize the previous statements, it can be concluded that possible correlations both between the DF/DFD volume and the duration of the recharge period and between the DF/DFD timing and the amount of rain accumulated during the recharge period are poorly investigated. Recently, Bel et al. (2017) tested similar correlations between extreme rainfalls and entrained DF volumes, but they did not find significant correlations. The linkage between the return period of the DF/DFD volume and the physical characteristics of both the preparatory and triggering precipitation merits further investigation. The need for this knowledge is evidenced by the standard approach to hazard map preparation and to a design of protective structures against debris flows, since both tasks are very often based on the return period of the involved variables (e.g., critical rainfall intensities and subsequent transformation into runoff/sediment volumes).
In this study, we analyzed a small catchment named Rebaixader (Pyrenees, Spain) that has been equipped since the summer of 2009 with a monitoring system that records DF/DFD events and meteorological data (Hürlimann et al. 2014 ). In particular, we investigate if the triggering of torrential flows in a supplyunlimited catchment could be influenced by the recharge period and not only by a triggering rainfall threshold. We assume that rainfalls could produce erosion in the source area, increasing the available sediment, and so, we analyze the precipitations during the interval period between two torrential events. Therefore, our research considers the following questions:
1. If the volume of DF/DFD events depends on (1) the intermediate rainfall (recharge period), (2) the triggering rainfall, and/ or (3) the total kinetic energy of the rainfall, similar to what Wischmeier and Smith (1978) have found in developing the Universal Soil Loss Equation (USLE). 2. If there are any thresholds related to different variables (i.e., rain erosivity/kinetic energy) that are better performing in the identification of the potential DF/DFD triggering than the classic rainfall intensity-duration thresholds. This could be a step forward from the traditional concept that the DF return period is related to the rainfall.> After the study area presentation, the BMaterials and methodsŝ ection illustrates how the rain data and information on DF/DFD volumes are used in the research. Correlations between the selected variables are shown in the BResults^section. The discussion takes into consideration the results to fulfill the research considerations described above and to highlight the elements of novelty in this approach. The supplementary data section (Online Resource 1) presents the features of each DF/DFD event and supports the discussion and conclusion on the timing and agreement/disagreement between preparatory and generating precipitations and sediment volumes of the DF/DFD.
Study area
The catchment analyzed in this study is crossed by the Rebaixader torrent and represents a typical high mountain watershed. It is located in the Central Spanish Pyrenees, near the village of Senet, on the border between Catalonia and Aragon (Fig. 1) .
The catchment has a drainage area of 0.53 km 2 and an elevation that ranges between a maximum of 2310 m a.s.l. and a minimum of 1775 m a.s.l., the latter corresponding with the fan apex. The bedrock of the catchment is Paleozoic metamorphic rocks and mostly consists of Devonian slates and phyllites formed during the Hercynian orogeny (Munoz 1992) . Colluvium and granular glacial deposits cover the bedrock. The large lateral moraine located between 1425 and 1710 m a.s.l. strongly affects the morphologic characteristics of the drainage basin and incorporates the source area of the DF/DFD events.
The catchment can be divided into two main zones: the upper part is characterized by the presence of forest and grassland. It includes steep slopes in the highest area and a flat area at approximately 1710 m a.s.l., which is associated with the upper limit of the lateral moraine. This upper part makes no significant contribution to the creation and accumulation of sediment. The lower part of the catchment is characterized by the presence of a large area covered by the loose debris of the lateral moraine, which is the source area of the DF/DFD events. The source area is linked to the fan by a short transport channel (Fig. 1) . Therefore, we can define this catchment as supply-unlimited, characterized by the presence of a unique, bare-soil area, which governs the DF/DFD phenomena according to sediment supply conditions, overall hillslope stability and rainfall aggressiveness.
The source area has an extent of approximately 0.09 km 2 , a mean slope angle of 35°with a maximum value of 61°, and an altitudinal gradient that ranges from 1709 to 1400 m a.s.l. (the point where the transport channel originates). The loose sediment of the large lateral moraine that is frequently subjected to erosion characterizes this part of the catchment. These sediments range in size from sand/gravel to boulders with a diameter of several meters (for more details on the grain size distribution, see
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Landslides 15 & (2018) Hürlimann et al. 2012 ). An example of the morphology of the source area is shown in Fig. 2 , where the particular erosive pattern of a Bbadland-like^zone is evident and presents sparse and vegetated Bislands^of apparent stability. The steepness of the large source area and the availability of loose sediment have made the catchment very active, as confirmed by the occurrence of several DF and DFD events per year.
The transport channel is approximately 200 m long and has a width of approximately 10 m. A fan forms the accumulation area of the catchment, and the Noguera Ribagorçana River bounds it.
An important characteristic of the Rebaixader basin is the fact that no control structures are installed to protect from torrential flows. Therefore, the behavior of the channel and of the source area is not influenced by the presence of check dams or similar structures. In the summer of 2009, a monitoring station system was installed in the source area and transport zone. It comprises three main parts: (1) the meteorological station that includes other sensors (i.e., temperature sensors) and a rain gauge that registers rainfall with a 5-min temporal resolution; (2) the station that has eight geophones, an ultrasonic device, a radar sensor, and a video camera to detect and characterize the flow dynamics of the events; and (3) the infiltration stations that include sensors to measure the soil moisture and water pressure (Fig. 1a) . Detailed information on the monitoring system can be found in Hürlimann et al. (2014) .
Between September 2009 and December 2015, 29 events were registered, averaging more than four events per year.
The meteorological characteristics of the area are particularly influenced by the proximity of the Mediterranean Sea and the presence of the Pyrenees. The mean annual precipitation in this part of Catalonia ranges between 800 and 1200 mm . The mean annual precipitation registered by the rain gauge of the monitoring station is 945 mm per year, with a minimum value of 700 mm and a maximum of 1100 mm.
Materials and methods
The main data used in the analysis consist of two time series: (1) the rainfall data from September 2009 to December 2015, measured at a time step of 5 min, and (2) the volume of the DF/DFD events measured during the same period. The volume assessment for each DF/DFD was principally performed by the interpretation of the monitoring data and cross-checked by the post-event morphologic observations along the channel and on the fan. In particular, the total volume was estimated by the monitoring data including peak flow area, flow velocity, and event duration. The flow area was determined by the flow height measured at the ultrasonic device and the information of the cross-sectional shape measured during the field campaigns. The flow velocity and the duration were calculated by geophone and ultrasonic sensor data (for detailed explanations, see Hürlimann et al. 2014) .
The time series data registered by the rain gauge of the meteorological station were not complete because of functional problems of the instrument. Therefore, we used the data sets registered by a nearby rain gauge to fill the gaps in our time series. This second rain gauge is located at the hydropower dam of Baserca (approximately 3.2 km north of the Rebaixader catchment) and has a registration time step of 15 min. We checked if there was a correlation between the series of the two rain gauges, and the results showed that the two rainfall series are similar. Therefore, we filled the gaps of our station with the values of the neighboring station.
The complete rainfall series data of the Rebaixader rain gauge were analyzed by R software (R Development Core Team 2005). With a script that reads the date and time of every registered value, we were able to find all the gaps in the initial time series data. Once these gaps were identified, they were filled using the rainfall data registered by the Baserca rain gauge. In particular, the gaps of 2013 were very large because 6 months were completely missing, whereas in the other years, there were sometimes little gaps (e.g., the missing of one single data) that mostly corresponded to periods of no rain. In the few cases in which a rainfall episode was missing, we checked and filled the values with the ones of the Baserca rain gauge. The final resolution of the resulting time series is 15 min for 2013 and 5 min for the other years. It is important to evidence that the analysis might be affected by spatially varying rainfalls which could have been not captured by the monitoring station (e.g., Hrachowitz and Weiler 2011) .
The next step of the analysis consisted of the identification of every rainfall event inside the time series registered by the rain gauge. From these time series, the rainfall events were defined by identifying a 1-h interval without precipitation before and after the event. This interval is similar to the ones used in companion studies (e.g., Deganutti et al. 2000; Badoux et al. 2009; Abancó et al. 2016) . We always considered the entire rainfall event, from the beginning to the end of the rain regardless to the fact that a DF/ DFD event was triggered or not. We excluded the events with a total precipitation of less than 4 mm. This limit was defined because the minimum triggering rainfall measured in the catchment was found to be 4.7 mm (Table 1) . Therefore, we considered all the rainfall events equal or higher than 4 mm, also in the case they did not trigger a DF/DFD event. In total, we extracted 244 rainfall events and 22 of them corresponded to a DF/DFD event.
Using the extracted rainfall events, we calculated multiple variables related to the precipitation characteristics for each of the DF/DFD events: (1) total precipitation (P tot ), (2) maximum intensity within a 30-min period during the event (I 30 max ), (3) maximum intensity within a 15-min period during the event (I 15 max ), (4) total kinetic energy (E k ), and corresponding Erosion Index of the event (EI Δt max ) ( Table 1 ). This last characteristic expresses the rain erosivity adopted by Wischmeier and Smith (1978) to calculate the soil loss for a given soil erodibility. This erosivity is calculated as the product of the total kinetic energy of the rainfall event (E k ) and the maximum hourly intensity observed within a 30-min period during the event. Originally, this parameter was created to study the temporal range of one or several years (Panagos et al. 2015) . This means that the Erosion Index was calculated as the summation of every rain erosivity value calculated for every rainfall event of the considered year/period. Nevertheless, we used the index with different time spans: (1) we considered the rain erosivity value of each rainfall event individually, without making any summation (EI 30TRIG ), and (2) we calculated the Erosion Index of every recharge period as the summation of the erosivity values of all the rainfall events registered between two consecutive DF/DFD events (EI 30RECH ). Different equations have been developed for the calculation of the rainfall erosivity (e.g., Wischmeier and Smith 1978; Kinnell 2010; Panagos et al. 2014 Panagos et al. , 2015 . Originally, the equation proposed by Wischmeier and Smith (1978) has been developed to study lowland/hilly areas where the soil is more suitable for farmers (e.g., loam). Therefore, they made the following assumption for the erosion occurrence: (1) total rainfall depth higher than 13 mm and (2) at least 6 mm of rain within 15 min. In our study, the environment is completely different, because we are not in a flat zone and our catchment has a significant slope gradient. Moreover, the sediment that composes the surface of our study area is different from that of a cultivated zone. Therefore, the kinetic energy of rainfall needed here is different from the one needed on a flat cultivated area. Hence, we used different assumptions from the original ones based on event observations (as stated above): total rainfall depth of a significant event ≥ 4 mm without using the limit of 6 mm in 15 min. Nevertheless, the equation used in our study is the original equation proposed by Wischmeier and Smith (1978) .
The steps for the computation of the EI Δt max are as follows:
-Computation of the specific kinetic energy (e k , MJ ha
of every rainfall time step (Δt) during the event using the following equation (Wischmeier and Smith 1978) :
where i Δt is the 15-or 30-min intensity (mm h −1 ) of each time step of computation. Equation (1) must be applied by entering a constant value of 76 mm h −1 if i Δt is greater than this value. This equation has been used and verified for many decades by the research community, and it has been found that it can be theoretically deduced and it is structurally correct (Carollo et al. 2016 ). Moreover, it provides an energy estimate that is close to that obtained by Van Dijk et al. (2002; see p. 7, Fig. 3) based on a comprehensive review of published studies.
-Calculation of the kinetic energy of a single time step (E ki , MJ ha −1 ) with the following equation:
where P is the rainfall (mm) registered in the considered time step.
-Computation of the total kinetic energy (E k , MJ ha −1 ) of the rainfall event
-Finally, the erosion indices (EI Δt max , MJ mm ha −1 h −1 ) are calculated as follows:
where Δt (30 min) indicates the reference duration. The EI Δt max values are used for two different analyses: (1) the single EI Δt max values of every rainfall event from the start to the end of the rain are considered as the Btriggering^values (EI Δt TRIG ), and (2) the summation of the EI Δt max values of all the rainfall events between two consecutive DF/DFD values is considered as the EI Δt max of the recharge period (EI Δt RECH ).
The values of the EI Δt TRIG and the EI Δt RECH versus DF/DFD volumes are processed to verify if there is some correlation between the soil erosion caused by rainfall and the amount of mobilized volume. The EI Δt TRIG values indicate if the volume of the DF/DFD event is conditioned by the rain erosivity of the triggering rainfall event, affecting the triggering area. The EI Δt RECH corresponds to the cumulated rainfall erosivity during the recharge period. As outlined in the BIntroduction^, different authors (i.e., Bovis and Jakob 1999; Brayshaw and Hassan 2009) explain that there are two types of DF/DFD catchments: Bsupply-unlimited^catchments, where there is always available sediment, and Bsupply-limited^catchments, where the morphological characteristics are different so there is not always available sediment to trigger DF/DFD events. The Rebaixader catchment is considered as supply-unlimited, but we wanted to investigate if also in this type of basin, the period between two DF/DFD events (recharge period) influences the next torrential event.
We have no topographic measurements or data describing the sediment recharge in the period between two consecutive DF/DFD events. Therefore, we used the volume of each DF/DFD event as a proxy variable of sediment availability before the same DF/DFD event. The initial assumption was that a greater recharging rainfall would correspond to a larger volume of the following event. Therefore, we distinguished between recharging variables, which influence the recharge period and do not directly affect the triggering of the DF/DFD, and triggering variables, which directly concern the triggering precipitations. We carried out a back analysis considering the volume of the DF/ DFD as an indirect measure of the sediment recharge that characterizes the recharge period before the DF/DFD occurrence. This is a simplified model because we are assuming that all of the sediment available to a DF/DFD event is mobilized when the rain threshold is exceeded. The purpose of this simplification is to understand if there is a direct correlation between the different energetic features of precipitation and sediment recharge. the triggering event directly influence the volume of the torrential event, reducing the significance of the role of the recharge period.
Finally, the last analysis was conducted to verify if it is possible to extract a DF/DFD triggering threshold by coupling the 30-min intensity (I 30 max ) with the total E k of each rainfall event.
Results

Seasonal behavior of the catchment
Multiple variables contribute to the triggering mechanism: the antecedent DF/DFD volume, the triggering rainfall characteristics, and the length of the recharge period, among others. Therefore, it is important to describe the typical behavior of the Rebaixader catchment. Figure 3 shows an overview of the event history of the Rebaixader catchment during the years analyzed. The total amount of precipitation is compared with the total amount of sediment volume mobilized by the torrential flows between the summer of 2009 and the end of 2015. Generally, every year can be divided into four typical periods: (1) December to February (winter), (2) March to May (spring), (3) June to August (summer), and (4) September to November (autumn). Figure 3a shows that no DF/DFD events were triggered during winter. During spring, a single DF/DFD event was triggered (25 March 2010). Summer was the most active period, with 77% of all DF/DFD events occurring in that period. Finally, in autumn, the number of triggered DF/DFD events was slightly lower (18%) than in the summer. From  Fig. 3b, c , it can be concluded that the mobilized sediment trend does not follow the same distribution as the precipitation. This means that the total rainfall amount during the recharge period is not enough to explain or predict the behavior of the sediment supply and mobilization. Therefore, to consider the seasonal behavior, it is important to individually analyze each DF/DFD event. A summary of this description and a detailed examination can be nother analysis of the influence of the recharge period on the event volumes (V) can be seen in Fig. 4 . Here, the comparison between the volumes of two consecutive DF/DFD events, normalized by the corresponding I 30 max of the triggering phase, is shown. The event pairs that occurred less than 20 days from each other are reported. In the case of the occurrence of three close events (August 2011), the intermediate one is plotted two times (event 2 and 3 in Fig. 4) . The general trend is that the normalized second event was smaller than the normalized first event, and in only two cases (DF event 4 and 9 in Fig. 4 ) the second event was significantly larger than the first one. The DF event range of the normalized volume (V/I 30 TRIG ) of close events varies between 156 and 707 m 3 mm −1 h −1 , while that of DFD events is 10-150 m 3 mm −1 h −1 (Fig. 4) .
Influence of the rainfall characteristics on the DF/DFD events From the DFD events of the EI 30 RECH (i.e., the Erosion Index of the recharge period) versus volume in Fig. 5 , it can be observed that the volume does not follow a particular trend, and it seems completely independent from the Erosion Index of the recharge period. In fact, the correlation coefficient (ρ) calculated between the two variables is of − 0.24, meaning that there is a very weak negative correlation. Interestingly, for the DF events, the correlation between the DF volume and the EI 30 RECH is strongly negative (ρ = − 0.88), but in this case, it is important to notice that we are considering only five points and so this statistical metric is not so reliable. Nine of the DF/DFD events are not visible in the graph because for those events, there was no intermediate rainfall since the previous event; this is the reason why they have EI 30 RECH values equal to zero. From observations of the EI 30 TRIG results (i.e., the Erosion Index of the triggering rainfall event), it can be noted that there is a moderate positive correlation (ρ = 0.40) with the volume of the events (Fig. 6) . This result suggests that the Bsoil instabilityĉ aused by the overall triggering feature of the rainfall influences the magnitude of the event. This means that with greater rainfall energy, the volume of the mobilized debris is larger. Moreover, the EI 30 TRIG is composed of both the rainfall quantity and the rainfall intensity, so it simultaneously considers different rainfall characteristics. The range of the EI 30 TRIG is very close to the range of EI 30 RECH . More precisely, the first varies from approximately 10 to 1000 MJ mm ha −1 h −1 and it is slightly larger than that of the EI 30 RECH (Figs. 5 and 6 ).
Considering the results, it seems that in this catchment, there is not a significant triggering threshold of rainfall, since there are some DF/DFD events that are triggered by the smallest rainfall events recorded. The minimal triggering rainfall occurred on 5 July 2012 and accumulated only 4.70 mm during 80 min (Table 1) .
Another variable that provides a moderate correlation with the DF/ DFD volume is the rainfall intensity, I Δt max (overall ρ = 0.28 in Fig. 7a and overall ρ = 0.39 in Fig. 7b ). For the DFD events, there is a very weak correlation, since the volume data are sparse (Fig. 7) . However, for the DF events, it can be seen that a higher rain intensity corresponds to a greater flow volume. In particular, the correlation between I 15 max and volume is ρ = 0.52, whereas the correlation between I 30 max and volume is ρ = 0.41. Therefore, the link with the volume is slightly higher for I 15 max (a) than for I 30 max (b), and in both cases, we can conclude that the volumes of the DFD events are mostly below the lower limit of the DF volumes (approximately 2000 m 3 ). Moreover, it is interesting to notice that the triggering intensities of the DF events are not different from those of the DFD events (Fig. 7) . This means that a rainfall event can trigger either a DF or a DFD event and confirms our hypothesis that the switch from a DFD to a DF event should be explained by other factors.
An interesting correlation can be observed between the total E k (calculated for each rainfall event) and I 30 max in Fig. 8 . The equation I 30 max = 9.86E k 0.52 (Fig. 8) interpolates the median upper values (E k , I 30 max ) that triggered a DF/DFD event. This threshold discriminates the values for which the probability of DF/DFD triggering is very high (above the line) from the values for which the DF/DFD triggering is improbable (below the line).
Discussion
The first hypothesis to test of the present work was that a correlation between the rainfall during the recharge period and the volume of the next event existed. In particular, we hypothesized that a greater rainfall amount during the recharge period would Fig. 5 Correlation between the Erosion Index calculated for the recharge period and the volume of the corresponding DF/DFD event. The overall correlation coefficient between the two variables is ρ = − 0.24, whereas the correlation coefficient of the debris flow data is ρ = − 0.88 Fig. 6 Correlation between the triggering Erosion Index and the volume of the corresponding DF/DFD event. The overall correlation coefficient between the two variables is ρ = 0.40, whereas the correlation coefficient of the debris flow data is ρ = 0.26 correspond to a greater available (and consequently mobilized) sediment load. To study this correlation, we analyzed all rainfall events using the EI Δt max variable. The EI Δt max incorporates the rainfall duration (D), the maximum rainfall intensity (I Δt max ), and the total energetic contribution of the rainfall (E k ). Therefore, it strongly expresses the rainfall characteristics and its capacity to produce sediment. The I Δt max plays an important role. In fact, a rainfall event that not only has a short duration and relatively low total rainfall depth but also a high intensity can result in an EI Δt max index much higher than that of a rainfall event with very long duration and low intensity (Xie et al. 2016 ). This is a good feature of the selected indicator because we know that a DF/DFD event is typically triggered by short and strong rainfall events (Floris et al. 2010) , and so, it is clear that these are the events that more easily entrain and transport sediments downstream.
Owing to the presence of the dominant erodible area in the catchment (Fig. 2) and the evident secondary role in terms of sediment storage of the short DF/DFD transport reach of the torrent, we expected to find some correlation between the EI Δt RECH and the volume of the following DF/DFD event, but no Fig. 7 Correlation between the maximum intensity within 15 min (a) and 30 min (b) and the volume of the corresponding DF/DFD event, fitting line for only the DFs. In a, the overall correlation coefficient between the two variables is ρ = 0.28, whereas the correlation coefficient of the debris flow data is ρ = 0.52. In b, the overall correlation coefficient between the two variables is ρ = 0.39, whereas the correlation coefficient of the debris flow data is ρ = 0.41 significant trend has been observed. This fact could prove that basin preparation due to non-triggering rainfalls during rest periods could have a small effect on future sediment volumes of DF/ DFD events in situations comparable to that of the Rebaixader torrent, being the sediment recharge partially obliterated by the rain energy at the triggering. The lack of correlation demonstrates that other stochastic factors play a more crucial role in the preparation of new erodible material than rainfall during the recharge period.
It is worth stressing that our experimental basin is characterized by very frequent DF/DFD events, and so, the recharge periods are in the order of months. Therefore, the first events of every year are usually characterized by higher EI Δt RECH because of both the longer time since the last event and the considerably greater volume of water input during the recharge period. Moreover, different studies proved the importance of freeze-thaw cycles during winter, in the creation of new available sediment (e.g., Regues and Gallart 1999; Imaizumi et al. 2006; Theule et al. 2012) . A catchment with a recharge period in the order of tens to several tens of years (supply-limited type) would probably produce different results, and the erosive work of the precipitation could be more effective.
In contrast, a positive correlation between the EI 30 TRIG and the volume of the triggered flow (ρ = 0.40) is evidenced by the dominance of the energetic/episodic impulse both on the triggering conditions ( Fig. 8) and on the volume magnitude (Fig. 6 ), supporting our previous statement on the low effect of sediment recharge. I 30 max and I 15 max of the triggering rainfall events (Fig. 7) show a lower correlation with the DF/DFD volume (ρ = 0.28 for I 15 max and ρ = 0.39 for I 30 max ), confirming that the DF/DFD magnitudes remain weakly/moderate precipitation dependent. Other studies have also demonstrated the small role of precipitations on the magnitude of the triggered event (e.g., Gartner et al. 2008; Bel et al. 2017) . Our conclusion on this issue, in the case of the Rebaixader torrent catchment, is that using the triggering rainstorms of a given return period (i.e., derived from the hydrological statistics of rain data) to estimate the corresponding/equivalent return periods of expected DF/DFD volumes should still be done cautiously.
Since the rain intensity values, if used alone, are not capable of discriminating between the type of event (DF or DFD), the previous conclusion is corroborated and in accordance with the results found by Cannon et al. (2001) . In the types of basins that behave like the typical supply-unlimited catchment (e.g., the Rebaixader torrent catchment where a single rainfall event intensity can trigger DF/DFD events within a wide volume range), a discriminatory criterion that is based on the precipitation pattern and intensity to forecast low-volume DFDs rather than high-volume DFs seems to be extremely difficult to construct. This last issue emerges clearly from the data of our study catchment, where a discrimination would have been useful if first conditioned on the process type because of the difference in sediment volumes (DF or DFD in the Rebaixader catchment; Figs. 5 and 6). For example, a rainfall event with a very low intensity, such as the one triggered on 5 July 2012 (8.4 mm h −1 ), was capable of triggering a DFD; conversely, events such as those that occurred on 11 July 2010, 23 July 2013, and 31 July 2015 were triggered by high rainfall intensities (Table 1) . Fig. 8 Differences between the rainfall events that triggered and did not trigger DF/DFD events combining the kinetic energy (E k ) and the 30-min maximum intensity (I 30 max ). The Bno trig^data correspond to the rainfall events that did not trigger any torrential event. The straight line defines the threshold to distinguish between high DF/ DFD triggering probability (above the line) and low DF/DFD triggering probability (below the line) Table 2 Confusion matrix of the triggering and non-triggering rainfall events based on the threshold relation in Fig. 8 Additionally, the results obtained by Theule et al. (2012) showed that the minimum rainfall intensity that causes the mobilization of sediments in the Manival torrent is not very high (7 mm h −1 ), which is very similar to the minimum rainfall intensity measured in the Rebaixader catchment (Table 1) Unlike the difficulty of forecasting process type (DF or DFD), the threshold line from I 30 max and E k (Fig. 8) is capable of improving the distinction between triggering and non-triggering rainfall events. In fact, the results obtained by Abancó et al. (2016) using the classic intensity-duration graphics resulted in a value of false positives of 5.6%. In our case, 16 triggering rainfall events, on a total of 22, lie above the defined threshold ( Table 2 ), meaning that the sensitivity of the model is of 0.73 (Beguería 2006) , whereas 210 non-triggering rainfall events, out of a total of 222, lie below the threshold ( Table 2 ), meaning that the specificity of the threshold is of 0.95 (Beguería 2006) . Therefore, the defined threshold has a high capacity of discriminating the non-triggering events. In fact, only 5.0% of non-triggering rainfall events lie above the threshold (false positives). Whereas it is moderately capable of discriminating the triggering rainfall events; in fact, the 27.0% of triggering events lie below the threshold (false negatives).
The record of temporal proximity between two or more DF/ DFD events seems to add some additional information on the event sequence in the Rebaixader catchment. In nine cases out of a total of 22, the next event occurred less than 20 days after the previous one. In these cases, our hydrologic recharge period was null because the total rainfall depth in the interval between the two events is 0 mm (Table 1) . Looking, in particular, at the DFD events, it seems that the standard scenario was that of a cleaning behavior, meaning that the second event was smaller than the first one so it removed only a small volume of sediment left by the previous event. In only two cases, the volume of the second event was significantly larger than the first one. This scenario seems to occur due to a kind of switch of the event magnitude, both in terms of the total solid volume (V) and normalized solid volume (V/ I 30TRIG ), which obliterated the memory effect of the previous DF/ DFD with much larger volumes of a DF event (and not a DFD; see also Fig. 4) . Therefore, these two event pairs partially confirm the behavior described by Brayshaw and Hassan (2009) , in which the instability caused by the antecedent event could leave the catchment in a more unstable state, but the final response, which is a larger volume than the expectation, remains uncertain. The relict presence of loose debris in the source area and in the transport channel could have facilitated the sudden triggering of a subsequent DF/DFD event. Such a scenario also explains why, in some cases, the triggering rainfall events had a low intensity and a low total precipitation (Table 1 ). This increment of basin susceptibility to DF/DFD events has also been described by Coe et al. (2008) for the Chalk Cliffs study area. In fact, they found that the period between two DF/DFD events can be very short and a DF/DFD event is triggered, in some cases, by rainfall events that have a low return period. Conversely, Berger et al. (2011) found that in the Illgraben catchment, the channel segments recently incised by DF events have a lower probability of triggering another event in a short time, since right after the first event, the area is relatively more stable.
In short, there is no definitive answer for the effect of subsequent torrential flows, but it may be concluded that, given a catchment with a high sediment supply, the second event response, when the triggering threshold is exceeded, appears contradictory. It generally tends to be lower or of the same order but is likely higher when a DF follows a DFD event. The difference in normalized sediment volumes (V/I 30 TRIGG , Fig. 4 ) seems to provide a kind of DF/DFD discrimination (a value of 150 m 3 mm −1 h −1 ) only for close events, but it is partially conditioned by the small volumes of DFD events necessitating further data for its verification.
Conclusions
In this study, we analyzed a small catchment located in the Spanish Pyrenees and characterized by unlimited sediment supply. We tried to understand the correlation between the sediment accumulation during the recharge periods between consecutive events and the intermediate rainfalls during the same periods. We wanted to know if the mobilized volume was influenced by the intermediate rainfalls and/or by the triggering rainfalls. To reach this objective, we used some significant rainfall parameters (i.e., I Δt max and EI Δt max ), and the results brought us to the following conclusions:
& The volume of the DF/DFD events was not related to the intermediate rainfall characteristics of the recharge period; namely, similar rainfall events were able to trigger DF/DFD events with very different magnitudes. In short, it seems inappropriate to link the volume of the DF/DFD events to the return periods of the triggering rainfall.
& The analyzed rainfall variables (I Δt TRIG , EI Δt TRIG , E k ) were highly capable of discriminating between triggering and nontriggering DF/DFD events.
& Many DF/DFD events were triggered soon after the previous ones, showing that the susceptibility to DF/DFD triggering tends to increase. The amount of sediment volume of the second event was difficult to predict, and the process-type (DF or DFD) dominates the released volume and highlights a normalized volume (V/I 30 TRIGG ) for close events of about 150 m 3 mm −1 h −1 , separating DFD from DF events.
& The calibration of a threshold relationship between I 30 max and E k is an excellent strategy to discriminate between triggering and non-triggering rainfall events. This type of calculation might be a good alternative to the classic intensity-duration analysis and merits further confirmation, particularly in those instrument-equipped DF/DFD basins where rain gauges and triggering areas are proximate and early-warning systems are operating.
